The slider steady flying characteristics have been studied using this equation and the applicability of the conventional approximation equations has been clarified Ruiz and Bogy, 1988) .
In the paper, the dynamic characteristics of gas-lubricated slider bearings are analyzed using the generalized lubrication equation based on the Boltzmann equation. This equation is solved in both the frequency domain and the time domain. The results are compared with those of modified Reynolds equations based on the slip flow approximations, and the differences are discussed. The dynamic response of flying head sliders operating under ultra-low spacing conditions are analyzed using these methods. where \j/ is a nondimensional pressure variation induced by the slider motion relative to the running surface. K and K e in equations (1) and (2) are nondimensional suspension stiffnesses for vertical and pitching motion normalized by (p a lb/h 0 ) and (p a Pb/h Q ), respectively. As the values of K and K e are negligible in comparison with the air film stiffness, they were assumed to be zero in the present analysis. This did not cause any changes in the calculated results. The pressure distribution of the bearing region is described by the generalized lubrication equation derived by Kaneko (1987, 1988) ,
where,
dX Q( = Q(D,a)). dT Qp(D,a)
Gcon(-D) (3) Q P and Q CO n( = D/6) are flow rate coefficients of Poiseuille flow, D is an inverse Knudsen number, and a is an accommodation coefficient representing the reflection/diffusion rate of the air at the boundary surface of the bearing region. Q P is calculated based on the Boltzmann equation. In the present analysis, an interpolation method using the flow-rate data base is employed. This reduces calculation time and ensures high accuracy.
Q P for conventional slip flow approximations are described, using D, as Qi=-
D cfir
for first order slip flow approximation, and
for second order slip flow approximation, where c is a surface correction coefficient defined as,
2-a c = -
For second order slip flow approximation, c has not been defined, that is; a= 1 is fixed.
Method of Solution 1) Linearized Analysis in the Frequency
Domain. Linearized analysis in the frequency domain is effective for obtaining general insights into the dynamic characteristics of the slider. This is especially useful in slider design. The solution based on the perturbation method presented by Ono (1975) is employed to solve the generalized lubrication equation, equation (3).
Linearized dynamic equations can be derived from equation (3) by dividing pressure P and spacing H into static and dynamic components, respectively, as 
putting equations (4)-(6)'into equation (3) and neglecting terms of higher order than C>(e 2 ).
-A, dX
Assuming a sinusoidal disturbance and response of the slider, spacing fluctuations -q can be expressed as
and dynamic pressure i / < for spacing fluctuation 17 is expressed as a linear combination,
where, G,(/ = 1,2 or 3) is the complex stiffness. The real and imaginary parts of -G., -G 2 represent air film stiffness and damping coefficient, respectively. G 3 represents the coefficient of the external forces which vibrates the slider. To obtain the air film stiffness -K» and damping coefficient Cy, Laplace transformation is performed on equations (7)- (9), and by substituting equations (8) and (9) into equation (7), the differential equations of G, are obtained. These equations are solved and integrated over the bearing region. Frequency response of the slider can be calculated in combination with equations (1) and (2). The differential equations of G, and the definition of Ky and C,-, are presented in Appendix A.
2) Nonlinear Analysis in the Time Domain.
To accurately simulate nonlinear response of actual sliders, analysis in the time domain is essential. The factored implicit scheme presented by White and Nigam (1980) was employed to solve the generalized lubrication equation.
Equation (3) is rewritten by changing the dependent variable to inverse Knudsen number D{X, Y, T) (=D 0 >PH), as
Equation (10) is described as 
where superscripts of («) and (n + 1) represent the time step, and AT is the time interval. Functions F and G in equation (11) are linearized by Taylor expansion about the current time level. Substituting equation (11) into equation (12) and neglecting higher order terms than 0(AT 3 ), equation (10) is reduced to the one-dimensional inverse problem of X and Y directions separately by the factorization
where L, (X) and L 2 ( Y) are linear differential operators in the X and Y directions, respectively. Function <f> is described as, 0 = -
The slider response is calculated by alternately solving equations (1), (2) and equation (13) in every time step using the Runge-Kutta method. Air film stiffness and damping coefficient of the fixed air film configuration are first analyzed using the linearized analysis in the frequency domain to determine the fundamental dynamic characteristics of sliders. The air film configurations employed are presented in Fig. 2 . The accommodation coefficient of boundary surface a is assumed to be unity, that is, diffuse reflections are assumed. Figure 3 shows the air film stiffness K n and damping coefficient C n of a taper-flat slider as a function of nondimensional frequency n( = co/co 0 ). The results according to the first order slip flow approximation, the second order slip flow approximation and the Boltzmann equation show nearly the same changes. For high Q values larger than l,K n values converge, while C n values begin to decrease and the orders of the first slip, Boltzmann equation, and the second slip are reversed.
K n , C n , and load carrying capacity W of a plane wedge slider, as a function of the inverse Knudsen number D 0 , defined by the minimum spacing, are shown in Figs. 4(a), (b) , and (c), respectively. As D 0 decreases, K n , C n , and W decrease, except for the continuum flow case, and the values given by the three equations diverge. Figure 5 shows K n , as a function of bearing number A b . In this case, K n values change in a similar manner to those shown in Fig. 4(a) for D 0 . As A b decreases, K n values decrease, and the differences between the equations increase. As A b increases, K n values converge. Figure 6 shows K n as a function of W, plotted from Fig. 4 , as D 0 changes from 10 -i to 10'. The figure implies that the effects of slip flow on K n estimated by each equation depend almost uniquely on ^ (Mitsuya and Kaneko, 1981) . Figure 7 shows K n and C n as a function of nondimensional frequency fl, calculated based on the Boltzmann equation, with A b as a parameter. As pointed out by Ono (1975) , Tanaka et al. (1989) and , damping coefficients become small as A b increases and they become negative in the frequency range of 0 = 0.4-0.6 for A i = 180. The actual slider response under these high bearing number conditions calculated directly in the time domain are presented in Appendix B. A comparison of the equations for A b = 150 is shown in Fig. 8 . The negative damping region appears only in the first order slip approximation equation. The critical value of A b , at which the negative damping region appears, is different between the equations. 
Dynamic Response of Flying Head Sliders for
Magnetic Disk Storage Devices. The present numerical analysis is applied to calculate the dynamic characteristics of flying head sliders for magnetic disk storage devices. As the slider static load co and the pivot point x 0 are fixed for flying head sliders, the air film configurations of the slider (i.e., steady flying characteristics of the slider) given by the lubrication equations differ. The value of the surface accommodation coefficient a for the surfaces of the actual recording medium and slider has not been clarified. For conventional type sliders, it has been reported that the first order slip flow approximation with a = 0.89 (Ohkubo and Kishigami, 1988) and the second order slip flow approximation with a = 1 (Odaka et al., 1986) can be practically used to predict the steady flying characteristics of sliders by measuring the slider spacing of the steady flying state. The same conclusion has been reported for the numerical analysis of the steady flying characteristics of sliders based on the Boltzmann equation Ruiz and Bogy, 1988) . Therefore, the numerical results of the first order slip flow approximation with a = 0.89 is also calculated here. Two types of slider dimensions are used for the calculation (presented in Table 1 ). Slider A is a conventional type. For this slider, two of the authors have reported the validity of the dynamic analysis based on the first order slip approximation (a = 0.89), comparing the experimental measurement by laser interferometry (Ohkubo, Hayashi and Mitsuya, 1987) . Their result can be compared with the present numerical analyses based on the Boltzmann equation and the second order slip approximation. Slider B has the small size and ultra-thin spacing which might be used in future magnetic disk storage devices. Table 2 presents the steady flying characteristics of these sliders calculated based on the Boltzmann Equation (a=l), first order slip (a= 1), second order slip (a= 1) and first order slip (a = 0.89) approximation equations. (a=l) approximations agree well with the Boltzmann equation. These two approximations provide a good estimation of both steady flying state and dynamic characteristics for conventional type sliders. For Slider B, large differences are observed at steady spacing. The slip flow approximation equations can not be applied to small sliders with ultra-thin spacing like Slider B. However, concerning the dynamic response of the slider, results according to these equations show nearly the same natural frequency and damping properties. This result calculated in the time domain agrees with the analysis of k^ and Cjj in the frequency domain shown in Figs. 9 and 10. Concerning the ratio of spacing fluctuation to steady spacing, Ah/h 0 , which represents the dynamic property of a designed flying head slider, as the differences between the equations are mainly critical in regard to steady spacing h 0 , the first order slip approximation estimates the values smaller than that of the Boltzmann equation and the second order slip approximation estimates one larger.
The Air film stiffness k u and damping coefficient c u of ^ Conclusions Slider A and Slider B are shown in Figs. 9 and 10, respectively. For Slider A, results according to the Boltzmann equation, first order slip (a = 0.89), and second order slip (a = 1) approximations agree well, while slight differences are seen in the first order slip (a = 1) approximation. For Slider B, differences between the equations increase, especially in the damping coefficient for high frequency,/. However the differences are not significant compared with the results of the fixed air film configuration (Fig. 3) Linearized analysis based on the perturbation method in the frequency domain and nonlinear analysis employing the factored implicit scheme in the time domain were applied to analyze the equation. The results of these analyses were compared with those of the conventional slip flow approximation equations and the differences were discussed. For sliders with fixed air film configurations, the deviations of the approximation equations in air film stiffness and damping coefficient become large as the inverse Knudsen number D 0 decreased (i.e., at high Knudsen number) and the bearing number A;, decreased.
The dynamic response of flying head sliders for magnetic disk storage devices was calculated using the present numerical analysis. For a small slider with ultra-thin spacing, which might be used in future magnetic disk storage devices, the differences in the calculated results between the Boltzmann equation and the slip flow approximation equations were found to be remarkable in regard to steady flying characteristics, but insignificant in regard to dynamic characteristics. 
Jo Jo Fig. 7 . To study the effects of decreasing the damping coefficient for high A b , slider mass M and moment of inertia I are determined so that the air-bearing natural frequency in the vertical and pitching modes coincide with the frequency of negative damping at A b = 180 of Fig. 7 . In this case, M= 10.1 and 7=0.92 for 0 = 0.48. The same values of M and I are used for A b = 50 and 150. According to the stability criteria based on the linearized analysis (Ono, 1975) , the slider is stable for A b = 50 and 150, and unstable for A b = 180.
In initial excitation, the slider was lifted to a position with twice the minimum spacing of the steady flying state at T= 0, placed in a level configuration and then released. For A b = 50 (Fig. 13(A) ), the slider approaches its equilibrium position in a few oscillation cycles. For A 6 = 150 (Fig. 13(6) ), the settling time for the damped vibration becomes large. This indicates a decrease in the damping coefficient. For A b = 180 (Fig. 13(c) ), the settling time of the vibration becomes large. However, the vibration converges and the slider does not become unstable. Figure 14 presents the results for the same conditions as Fig.  13(c) , simulating the air film by the air film stiffness Ky and damping coefficient Cy obtained by the linearized solution in the frequency domain. Obviously, the slider is unstable and the vibration amplitude diverges.
Consistency of the numerical method between the frequency domain analysis and the time domain analysis is shown for the flying head sliders (Slider A and Slider B) in the main part of this paper (Figs. 9, 10 and Figs. 11, 12) . However, under high bearing number conditions and large slider displacement (shown in Fig. 13(c) and Fig. 14) , where the nonlinearity of the air film becomes critical, the differences between both methods become significant. Further investigations which determine the limitation of the linearized analysis in the frequency domain are required.
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